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Electron paramagnetic resonance (EPR) spec-
troscopy is an important technology in physics,
chemistry, materials science, and biology [1]. Sen-
sitive detection with a small sample volume is a
key objective in these areas, because it is crucial,
for example, for the readout of a highly packed
spin based quantum memory or the detection of
unlabeled metalloproteins in a single cell. In con-
ventional EPR spectrometers, the energy trans-
fer from the spins to the cavity at a Purcell en-
hanced rate [2] plays an essential role [1, 3, 4]
and requires the spins to be resonant with the
cavity, however the size of the cavity (limited by
the wavelength) makes it difficult to improve the
spatial resolution. Here, we demonstrate a novel
EPR spectrometer using a single artificial atom
as a sensitive detector of spin magnetization. The
artificial atom, a superconducting flux qubit, pro-
vides advantages both in terms of its quantum
properties and its much stronger coupling with
magnetic fields. We have achieved a sensitivity
of ∼400 spins/√Hz with a magnetic sensing vol-
ume around 10−14λ3 (50 femto-liters). This cor-
responds to an improvement of two-order of mag-
nitude in the magnetic sensing volume compared
with the best cavity based spectrometers while
maintaining a similar sensitivity as those spec-
trometers [5, 6]. Our artificial atom is suitable
for scaling down and thus paves the way for mea-
suring single spins on the nanometer scale.
EPR spectroscopy is an essential tool for characteriz-
ing the properties of electron spins in materials. Due to
the wide variety of EPR applications, significant efforts
have been devoted to improving both its sensitivity and
spatial resolution. A conventional EPR spectrometer re-
lies on energy exchange (transverse) coupling, where the
spins and detector should be resonant. In particular, in a
leaky cavity limit, the spins mainly emits photons to the
measurement chain at the Purcell enhanced relaxation
rate [3], and the detector absorbs the photon energy as
a signal. Recently, sensitive EPR spectrometers based
on a superconducting resonator have been realized [4–7]
with a measurement chain that uses a quantum limited
amplifier. This approach limits the size of the device
according to the wavelength, and so such spectrometers
may not scale well at a smaller size. On the other hand,
it is also possible to observe the EPR phenomenon with-
out a cavity and magnetization detection [8] is one such
example. Magnetically induced force detection [9] has
recently been demonstrated that achieves high sensitiv-
ity and spatial resolution. In these cases, energy transfer
between spins and the detector is suppressed due to the
large detuning, thus the signal is detected without sig-
nificant disturbance to the spin system. However, such
non-resonant methods still require improved in their sen-
sitivity.
In this paper, we demonstrate sensitive local EPR
spectroscopy using an artificial atom (a superconduct-
ing flux qubit [10]) as a magnetic field sensor [11, 12].
The superconducting flux qubit has two distinct states
corresponding to clockwise and anti-clockwise circulating
currents Ip. Such current states can be strongly coupled
with magnetic fields induced by the spins. The magnetic
coupling causes the resonance frequency of the flux qubit
to shift thus enabling EPR spectroscopy with little dis-
turbance to the spin system. The interaction strength
induced by the persistent current states is much larger
[13–15] than that of resonator based systems [4–7, 16, 17].
This interaction also has a smaller spin-to-device distance
dependence than a spin-spin interaction, which enables
us to prove distant spins with high sensitivity. Thus,
the superconducting flux qubit must be suitable for the
detection of a small number spins.
The principle of our approach to EPR spectroscopy is
as follows. We use a flux qubit to measure the magne-
tization of the spin (Fig. 1a). The resonance frequency
of the flux qubit fq =
√
ε(Φ)2 + ∆2 is sensitive to the
magnetic flux penetrating the flux qubit loop Φ, where
ε(Φ) := 2Ip (Φ− Φ0/2) /h is the frequency detuning, Φ0
is the magnetic flux quanta, h is Planck’s constant and
∆ is the energy gap of the flux qubit. Now spectroscopy
of the flux qubit is performed by applying excitation and
readout pulses to the device (Fig. 1b), where the energy
state of the flux qubit is read out by a superconducting
quantum interference device (SQUID) using a switching
method [18] with 1000 repetitions. The magnetic inter-
action between the spins and the flux qubit is realized
by attaching the spin ensemble directly to the flux qubit
chip (Fig. 1a). An additional magnetic flux ∆Φ is gener-
ated by the attached spin ensemble, which in turn shifts
the spectrum of the flux qubit. Thus, when the working
flux Φ is fixed, the spin polarization is detected as a res-
onance frequency shift ∆fq (Fig. 1c). To perform EPR
spectroscopy, we employ a continuous spin excitation sig-
nal, in addition to the microwave pulse for the flux qubit
(Fig. 1b).
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FIG. 1. Experimental setup for magnetic resonance spectroscopy using a superconducting flux qubit. a,
Experimental setup. The spin ensemble is directly attached to the flux qubit chip. The energy state of the flux qubit is
read out by the SQUID. The spin ensemble and the flux qubit are excited through the microwave (MW) line. In-plane (B‖,
red arrow) and perpendicular (B⊥, blue arrow) magnetic fields are applied by superconducting magnets to polarize the spin
ensemble and to control the flux qubit. b, Pulse sequence used for the experiment. SQUID readout pulses and qubit excitation
pulses are used for the spectroscopy of the flux qubit. In addition to these pulses, a continuous microwave excitation signal is
applied to the same microwave line to excite the spin ensemble. c, Energy spectrum of the flux qubit. The resonance frequency
is controlled by the magnetic flux penetrating the qubit loop. For a fixed working point (green dashed line), the external
magnetic flux ∆Φ generated by the spin ensemble is detected from the change in the qubit resonance frequency ∆fq.
Before performing EPR spectroscopy, we first charac-
terize the flux qubit as a detector of magnetization from
the spin ensemble (an Er3+:Y2SiO5 crystal in this case).
By controlling the sample temperature T and in-plane
magnetic field |B‖|, we can control the spin polariza-
tion ratio. The signal ∆fq can be used to calibrate the
qubit based magnetometer. Although we mainly apply
in-plane magnetic field to the sample (
∣∣B‖∣∣  |B⊥|),
the spin ensemble generates perpendicular magnetization
due to the anisotropic g-factor of the electron spins in the
Er3+:Y2SiO5 crystal [19–21]. In Fig. 2a, we plot the tem-
perature dependence of the flux qubit spectrum under an
in-plane magnetic field of 4 mT. As the temperature in-
creases, the flux qubit spectrum shifts to the positive
flux side. In Fig. 2b, we summarize the in-plane mag-
netic field and temperature dependence of the flux qubits’
spectrum shift. The linear fit reproduces the experimen-
tal results well. Although the entire magnetic field de-
pendence is expected to be complicated due to the 7/2
nuclear spin of erbium atoms, our numerical simulation
well reproduces the linear increase in the magnetization
of our experimental setup as shown in Supplementary
Information.
Next we performed an EPR experiment by exciting the
spin ensemble using a microwave oscillating field. For
this experiment, the nitrogen vacancy (NV) centers in
diamond are employed as the characterized spin ensem-
ble because its large zero-field splitting allows a high spin
polarization ratio even under a small in-plane field. The
EPR spectrum, obtained under a 5.8 mT in-plane mag-
netic field with our continuous microwave spin excita-
tion, is shown in Fig. 3a. Here the 2.88 GHz zero-field
splitting in the spin one NV center ensures a large spin
polarization ratio even in a small magnetic field regime.
For this experiment, the in-plane magnetic field is ap-
plied along [100] direction of the diamond crystal. The
bare resonance frequency of the flux qubit (∼7 GHz) is
detuned so that it is far from the expected resonance
frequency of the NV centers (∼3 GHz) by tuning the
perpendicular magnetic field, |B⊥|. We observed that
the frequency of the flux qubit decreases when we drive
the spin with a frequency of ∼2.8 or ∼3.0 GHz. Al-
though an NV center has four possible orientation axes,
every NV center is affected by the same amount of Zee-
man splitting when the in-plane magnetic field is applied
along the [100] direction. So the two observed resonances
correspond to the transitions from the ground to the first
and second excited states (see Fig. 3c inset). We also ob-
serve tiny splitting in each EPR peak, and this originates
from a small misalignment (∼ 3◦) of the magnetic field.
The different amplitudes of the two peaks are explained
by considering the energy relaxation between three lev-
els (see Supplementary Information). We attribute the
asymmetric lineshape of the resonance that we observed
to the long energy relaxation time of the NV centers at
low temperature [22, 23]. To obtain further insight into
the EPR peaks, we perform EPR spectroscopy in vari-
ous magnetic fields (Fig. 3b). In Fig. 3c (blue triangles
and red circles), we plot the magnetic field |B‖| depen-
dence of the EPR frequency. These experimental points
are fitted with the transition frequency of the NV center
calculated from the energy eigenvalues of the following
spin Hamiltonian [24]:
Hˆs = geµBB · Sˆ + hDSˆ2z+hE
(
Sˆ2y − Sˆ2x
)
, (1)
where ge is the Lande´ g-factor, µB is the Bohr magneton,
B := B‖ + B⊥ is the magnetic field, Sˆ = (Sˆx, Sˆy, Sˆz) is
the spin-one operator, D is the zero-field splitting, and
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FIG. 2. Detection of spin polarization with an Er3+:Y2SiO5 sample. a, Temperature dependence of the qubit spectrum
under a 4 mT in-plane magnetic field. Open symbols are experimental data and solid lines are fitting. b, Magnetic flux detected
by the shift of the qubit spectrum as a function of temperature and in-plane magnetic field. Open symbols are experimental
data and solid lines are fitting.
E is the strain. Here, we assume a strain term of 5 MHz
[15]. From the fitting constants, we derive ge and D
values of 2.05 and 2.883 GHz, respectively. This result
deviates slightly from the value reported in the literature
[24] due to the magnetic field distortion near the super-
conductor caused by the Meissner effect.
The sensing volume of this spectrometer is estimated
from the loop area and the effective thickness of the spin
ensemble. The loop area is the designed parameter of
47.2 µm2. Our effective thickness is defined as a typ-
ical length scale, in which the spin and the flux qubit
interact strongly. The interaction strength can be cal-
culated numerically and the effective thickness is defined
as ∼1 µm from calculated results for a flux qubit with
a similar size to ours [13]. By multiplying these values,
the sensing volume is estimated to be ∼50 fL (5×10−17
m3). This value corresponds to a magnetic mode volume
of ∼10−14λ3, and two orders of magnitude smaller than
that obtained with a EPR spectrometer using a super-
conducting resonator [5, 6].
We can also estimate the minimum detectable num-
ber of spins per unit time. For this purpose, we plot the
measured noise in the switching probability as a function
of the number of repetitions Nrep to obtain one experi-
mental point (Fig. 4a). The noise does not follow the
theoretical 1/
√
Nrep scaling in the Nrep & 2000 region,
possibly due to the slow drift of the system. We use
the noise for Nrep = 5000, which corresponds to integra-
tion for one second, to estimate the sensitivity per unit
time in a real experimental environment. By setting the
working point of our flux qubit at the steepest point of
the Lorentzian resonance peak, we obtain the best sen-
sitivity (Fig. 4b), and the noise in the switching proba-
bility is converted to frequency noise. Furthermore, we
need to convert this noise to the corresponding number
of spins using the experimental parameters (see Methods
section).
The frequency noise can be converted to flux noise us-
ing the slope of the flux qubit spectrum (Fig. 1c), where
the flux noise is converted to a fluctuation in spin num-
ber using the generated flux per spin. This value is esti-
mated using SQUID magnetometry [25]. By combining
these values, the sensitivity is estimated to be 530 ± 320
spins/
√
Hz. To check this approach we can also estimate
the sensitivity using the following Hamiltonian, which
represents the interaction between a single spin and a
flux qubit:
Hˆ = h
(
fq
2
+ g · Sˆ
)
σˆz + Hˆs. (2)
where g denotes the interaction strength (see Methods
section). Because the zero field splitting is much larger
than the Zeeman energy in our experiment, the expecta-
tion values of g · Sˆ for ground, and the first excited and
second excited states are well approximated by 0, −gz
and gz, respectively. Thus, the frequency shift per single
spin is 2gz. Here, gz is estimated to be 4.4 kHz by using
the Biot Savart law [14]. Combining this value with the
frequency noise, the sensitivity is estimated to be 300 ±
180 spins/
√
Hz (which is consistent with our original es-
timation). Such a sensitivity is comparable to that of a
resonator based EPR spectrometer with a quantum lim-
ited measurement chain [5].
In summary, we have demonstrated highly sensitive
micrometer-scale EPR spectroscopy using a supercon-
ducting flux qubit. We estimate the sensitivity and
the sensing volume of the spectrometer to be ∼400
spins/
√
Hz and ∼50 fL, respectively. The sensitivity is
comparable to that of EPR spectrometers using a super-
conducting resonator with a quantum limited amplifier,
while the magnetic sensing volume is two orders of mag-
nitude smaller than that of a resonator based spectrome-
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FIG. 3. EPR spectroscopy. a, Results of EPR spectroscopy for NV centers in diamond under a 5.8 mT in-plane magnetic
field. The qubit excitation frequency is converted to the corresponding magnetic flux. For the spectroscopy, the temperature is
fixed at 20 mK to maximize the spin polarization ratio. b, EPR spectrum in several magnetic fields. The higher frequency peak
in the 5.8 mT curve (magenta) has a smaller frequency shift due to the limitation of the dynamic range of the spectrometer. c,
EPR peak frequency as a function of in-plane magnetic filed. The blue triangles (red circles) correspond to the transitions from
the ground state to the first (second) excited state. The solid lines are the fitting curve calculated from the spin Hamiltonian.
Inset: energy level structure of the NV center in diamond.
ter [5, 6]. A magnetic interaction between the qubit and
the spin ensemble is realized without resonance between
them, which is a completely different detection princi-
ple from that of the standard EPR spectrometer using
transverse coupling. As long as the change in the mag-
netization occurs, our local magnetic resonance scheme
is applicable to any spin species including nuclear mag-
netic resonance. In addition, it is possible to further
reduce the sensing volume towards the realization of the
nanoscale spectroscopy, because the size of the flux qubit
loop is not limited by the wavelength. Towards the detec-
tion of a single electron spin, a sensitivity improvement
of three orders of magnitude is also possible by using a
flux qubit with a narrower line width [26, 27], by repeat-
ing the qubit measurement within a short period using a
Josephson bifurcation amplifier [28] or with the disper-
sive readout method [29], and utilizing the quantumness
of the qubit fully as discussed in the quantum sensing
field [30].
METHODS
Experimental setup
Magnetic flux generated by a spin ensemble is detected
by a superconducting flux qubit with a loop area of 47.2
µm2. We used two spin ensembles for the experiment: 10
ppm erbium doped Y2SiO5 single crystal (Scientific Ma-
terials, Inc.) is used for spin polarization detection and
NV centers in type Ib diamond are used for EPR spec-
troscopy. In-plane (B‖) and perpendicular (B⊥) mag-
netic fields are applied to the sample to polarize the
spin ensemble and to control the flux qubit. B‖ and B⊥
are parallel to the D1 and D2 axes of the Er
3+:Y2SiO5
crystal, respectively. The in-plane magnetic field B‖ is
oriented parallel to the [100] axis of the diamond crys-
tal. For the spectroscopy of the qubit and spin ensem-
ble, a two-tone microwave signal is applied to the sample
through an on-chip microwave line. The qubit state is
read out by a SQUID with a repetition period of 200 µs
and averaged over 1000 times. All the measurements are
performed in a dilution refrigerator, whose base temper-
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FIG. 4. Estimation of sensitivity. a, Noise in switching probability as a function of the number of repetitions. The solid
line is the calculated 1/
√
Nrep dependence. The arrow indicates the experimental data used to estimate the sensitivity. b,
Conversion from switching probability noise to frequency noise. The most sensitive working point is indicated by the red dashed
line.
ature is lower than 20 mK.
Derivation of system Hamiltonian in far detuned
regime
A single spin and flux qubit coupling system is de-
scribed by the following Hamiltonian:
Hˆ =
hε
2
sˆ3 +
h∆
2
sˆ1 + hg · Sˆsˆ3 + Hˆs, (3)
where sˆi is the Pauli matrix for the flux qubit, g =
(gx, gy, gz) is the coupling strength between a spin and a
flux qubit, Sˆ is the spin operator vector associated with
the spin, and Hˆs is the spin Hamiltonian for the spin.
The axis dependence of g is attributed to the direction
of the magnetic field generated by the flux qubit. Here,
we define the z axis as the quantization axis of the spin.
By diagonalizing the flux qubit term, we obtain the fol-
lowing Hamiltonian:
Hˆ =
hfq
2
σˆ3 + hg · Sˆ (σˆ3 cos θ + σˆ1 sin θ) + Hˆs, (4)
where θ is the mixing angle defined by tan θ = ∆/ε.
Because we operate the flux qubit far from the optimal
point (|ε|  ∆, sin θ ∼ 0), we can safely neglect the
transverse coupling term:
Hˆ = h
(
fq
2
+ g · Sˆ
)
σˆ3 + Hˆs. (5)
Thus, the resonance frequency of the flux qubit is mod-
ified by g · Sˆ due to the interaction with a single spin.
In our EPR spectroscopy technique, we detect the dif-
ference between the qubit frequencies with and without
spin resonance. Without spin resonance, the qubit fre-
quency is shifted due to the polarization of the spin. On
the other hand, the qubit frequency stays on the bare
frequency when the spins resonate with the microwave,
because time averaged polarization is zero thanks to the
rotation of the spin vector.
Estimation of sensitivity
We estimated the sensitivity of this scheme as follows
using experimental parameters. The measured noise in
the switching probability is converted to corresponding
minimum detectable number of spins Nmin:
Nmin = δPe
∣∣∣∣ ∂fq∂Pe
∣∣∣∣ δNδfq , (6)
where Pe and δPe are the switching probability and its
noise per unit time, respectively, and δN/δfq is the fre-
quency shift δfq of the flux qubit induced by δN spins.
Here, we assume a Lorentzian lineshape for Pe(fq):
Pe(fq) = V
γ2q
(fq − fq0)2 + γ2q
, (7)
where V is the visibility of the readout, and γq is the
linewidth of the flux qubit (see Fig. 4b). We can easily
derive the parameters V , fq0 and γq from the experiment.
To maximize the sensitivity, the excitation frequency fq
is set at the steepest point of the Pe(fq) curve. This
condition is satisfied when |fq − fq0| = γq/
√
3 and the
resulting slope |∂Pe/∂fq| is 3
√
3V/8γq. Thus, the sensi-
tivity is expressed as follows:
Nmin = δPe
8γq
3
√
3V
δN
δfq
. (8)
There are two possible ways to derive δN/δfq. The
first way is to decompose δN/δfq into δN/δΦ · δΦ/δfq,
6where δfq/δΦ = 2Ip/h corresponds to the persistent cur-
rent of the flux qubit in a far detuned regime. Thus, the
sensitivity is estimated by the following equation:
Nmin = δPe
4hγq
3
√
3V Ip
δN
δΦ
. (9)
δΦ/δN is the generated magnetic flux per single spin
and is estimated with another experiment, e.g. SQUID
magnetometry [25].
We can also estimate the sensitivity using the system
Hamiltonian [Eq. (5)], because it gives the qubit fre-
quency shift per single spin. For example, we obtain
Nmin = δPe
8γq
3
√
3V gz
(10)
for a spin-half system by substituting δN/∂fq.
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